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I. INTRODUCTION 
Since the advent of increased fertilizer prices, sci­
entists have tried to determine more economical forest fer­
tilization methods. The major fertilizer application that 
scientists have tried to make more economical has been 
nitrogen. Nitrogen has received much attention because of 
its primary role in plant metabolic activities. 
The major method that has been used to remove economic 
restraints on nitrogen fertilization has been to intercrop 
with plants that have the capacity to carry on a symbiotic 
relationship with certain microorganisms (i.e., plants 
capable of nitrogen fixation). 
Some forest tree species possess the ability to fix 
atmospheric nitrogen, but few meet the requirement of a 
suitable nurse crop (i.e., slow growth and maximum photosyn­
thesis production under shade conditions) (Kohnke, 1941). 
Brokaw, Lowry, and Breeding (1952) suggested that Alnus 
glutinosa (European black alder) might be an excellent choice 
as a nurse crop to economically important forest species 
such as Pinus. 
Stewart (1965) found European alder to be a very effi­
cient nitrogen fixer when the soil had low nitrogen levels. 
Virtanen and Miettiner (1952) found that nitrogenous compounds 
are concentrated in alder roots and nodules. Alder leaves 
also have been found to be rich in nitrogen (Mikola, 1958). 
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Alder has been successfully used to fertilize spruce 
plantations throughout the inland part of southern Finland 
(Huuri, 1973). Red alder was found to increase the growth 
of Monterey pine when grown in mixtures. The alders through 
nitrogen fixation were able to increase the soluble nitrogen 
content of the tops of Monterey pine (Huuri, 1973). 
Virtanen (1957) showed that spruce could benefit (in­
creased growth) from growing in association with alder. The 
spruce were only allowed to use nitrogen fixed by the alders 
(no alder leaves were allowed to decay). Delver and Post 
(1968) showed that fertilization of apple trees would not give 
higher yields than when interplanted with alder hedges. 
Hausser (1973) found that the best fertilizer treatment for 
Scots pine was to interplant with Alnus glutinosa and supply 
calcium and phosphorus. On extremely dry sites (too dry for 
alder to grow), a complete fertilizer was necessary. Becking 
(1972) has been successful in using Alnus alutinosa as a 
nurse crop on poplar plantations. The alder plants improved 
fertility and controlled weeds. On drained soils, Larix 
leotolepis, Picea sitchensis. and Pinus strobus have shown 
increased survival and growth after interplanting with Alnus 
alutinosa and supplying calcium and phosphorus (Jaeger, 1972) . 
In a fertility study using Picea sitchensis. Larix leptolepis 
Ouercus, Populus, and Alnus incana, Alnus incana was the only 
species that grew well without supplemental nitrogen (Czerney 
and Fiedler, 1969). 
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Alnus glutinosa has been suggested as a nurse crop be­
cause of its high nitrogen fixation capacity and suspected 
light use efficiency (observations made on natural stands by 
Tarrant in 1958). Alnus glutinosa also has shown promise as 
a plant for reclamation of coal spoils. Dimitrovsky and 
Vesecky (1969) reported that Sokolov, lignite mining areas 
in Czechoslovakia, were revegetated with Alnus glutinosa and 
Alnus incana. The two species A. glutinosa and A. incana 
caused acceleration of the processes involved in soil forma­
tion. On a desert spoil mound after open-cast mining, Alnus 
glutinosa was noted to be among the early colonizers. This 
was the only early colonizer that afforded improvement in 
soil structure and fertility (Schlatzer, 1970). Verbin and 
Keleberda (1974) conducted a study using Betula verrucosa. 
Pinus svlvestris, and Alnus glutinosa to determine the possi­
bilities of using the species for reclamation of coal spoils. 
Alder was the superior plant for enhancing soil nutrient 
status, survival and growth. 
Alnus glutinosa also has shown some superior character­
istics on wet soils. Takohashi (1972) compared transpiration 
rates of Alnus sachalinensis, Picea glehnii. Larix leptolepis. 
Betula platvphvlla. and Alnus glutinosa on wet, moderately wet 
and dry soils. Alnus glutinosa had the lowest transpiration 
rate for all three sites (dry, moderately wet, and wet). 
Alder trees have been shown to improve the nutrient status 
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of sand. Kojak et al. (1972) analyzed samples of sand from 
sandpits where Alnus glutinosa and Betula verrucosa had been 
planted in 1929. The plantings were made without any site 
preparation or fertilization. The sand under Alnus glutinosa 
had the highest nitrogen content and the highest amounts of 
micronutrients. 
Krochmal and McCrain (1975) found that Ceanothus 
americanus L. (an actinorhizal plant) increased soil nitrogen 
in areas where it was grown. They also found that loblolly 
pine gave better survival when Ceanothus was interplanted. 
Thus, this study will give an early evaluation of 
selected Alnus glutinosa clones for nitrogen fixation, photo­
synthesis, respiration, height-growth and dry weights to 
determine nurse crop and/or tree crop potentials. 
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II. LITERATURE REVIEW 
A. Nitrogen Fixation of Alder Trees and 
Other Actinorhizal Plants 
1. Nitrogen fixation rates 
The nodules of Alnus species are located on the roots, in 
between areas where lateral roots would form (Carmona, 1974). 
These nodules have the ability to fix atmospheric nitrogen. 
The standard test for nitrogen fixation has been the acety­
lene reduction assay (Hardy et al., 1968). Bergersen (1970) 
found the ratio of acetylene reduced to nitrogen fixed to 
range from 2.7 to 4.2, with an average of 3.3. 
Using the acetylene reduction assay, nitrogen fixation 
rates of Alnus tenuifolia have been found to vary from 0.0342 
to 10.9 micromoles per gram of nodule tissue fresh weight per 
hour (Fleschner et al., 1976). Dalton and Naylor (1975) found 
the amount of nitrogen fixed by alder root nodules to be 4.5 
micromoles per gram nodule fresh weight per hour. On a 
hectare basis, the nitrogen fixed by Alnus qlutinosa varies 
from 56 to 130 kilograms of nitrogen per hectare per year 
(Dalton and Zobel, 1977). 
Waughman (1972) and Dalton and Naylor (1975) noticed 
that the acetylene to ethylene rates for alder were reduced 
when nodules were detached. Nodules of alder plants lose 
as much as 10 percent of their activity when detached, 16 
percent of their activity when the plant is detopped and 
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50 percent of their activity when detopped and replanted 
(Wheeler et al., 1978). Bergerson (1970) noted that detached 
nodules of Alnus qlutinosa were very light insensitive and 
had a lower acetylene reduction rate than attached nodules. 
Lindstrom, Newton and Wilson (1952) showed that 24 hours 
of predarkening was enough to completely stop nitrogen fixa­
tion in Trifolium. Mague and Burris (1971), using excised 
soybean nodules, found that ethylene production was about 
linear for 80 minutes followed by a gradual decrease for 7 
hours. There was no lag period in the liberation of ethylene. 
15 Bond (1956b) used stem ringing plus N enrichment to 
determine the manner of translocation of fixed nitrogen in 
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alder plants. He found most of the N in the above ground 
parts. Thus, he suggested that the nitrogen compounds were 
translocated in the xylem stream. Stewart (1952) noted that 
as much as 90% of the nitrogen fixed by alder nodules was 
translocated to other parts of the plant, 
2. Effects of nitrates. ammonium and moisture on 
inoculation and nitrogen fixation 
Nonleguminous nitrogen fixers have been shown to be 
affected by combined nitrogen. Bond and Mackintosh (1975b) 
found Coriaria and Hippophae to be affected by nitrate nitro­
gen. The nitrate nitrogen inhibited both infection and nodule 
growth. Nodule growth of Alnus qlutinosa and Alnus viridis 
plants were shown to be inhibited by high concentrations of 
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nitrates and stimulated by low concentratios of nitrates 
(Quispel, 1954; Benecke, 1970). 
Rodriguez-Barrueco, Mackintosh and Bond (1970) found 
nodule growth of plants of Casuarina and Ceanothus to be un­
affected by ammonium nitrogen to 10 milligrams per liter of 
ammonium. Above 10 milligrams per liter of ammonium, nodule 
development was retarded. MacConnell and Bond (1957) showed 
that addition of ammonium nitrogen to alder plants would not 
substantially reduce dry weights until the concentration 
reached 100 milligrams per liter of ammonium. Bond, Fletcher 
and Ferguson (1954) concluded that Alnus nodule growth was 
suppressed when grown in the presence of high concentrations 
of ammonium. Stewart and Bond (1951) were able to get inocu­
lation in the presence of ammonium. However, the nodules 
were fewer and smaller than with no ammonium. 
Sprent's work in 1971 revealed that water stress would 
reduce the nitrogen fixation rate of soybean nodules. When 
the nodule fresh weight was reduced below 80 percent of its 
original value, nitrogen fixation ceased and respiration was 
reduced. In 1972, Sprent (1972b) found the maximum nitrogen 
fixing rate of soybean nodules was near field capacity. 
Sprent's (1972a) work in 1972 also revealed that water stress 
affects outer nodule cells more than inner cells, and 
vacuolated cells more than unvacuolated cells. 
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3. Essential elements for nitrogen fixation 
Ainus nodules have been shown to require certain elements 
for nitrogen fixation. The inoculation and nitrogen fixation 
by alder plants will decrease when the oxygen concentration 
falls below 21 percent (MacConnell, 1959). Skeffington and 
Stewart (1976) got complete inhibition of nitrogen fixation 
in alder nodules when they were placed in 90 percent oxygen. 
Plants grown in liquid culture were observed to give better 
growth when air was supplied (Ferguson and Bond, 1953). 
Hewitt and Bond (1961) showed that alder nodules have a 
molybdenum requirement. Plants grown in molybdenum-free 
cultures became chlorotic and had less total nitrogen than 
plants with adequate amounts of molybdenum. Plants grown in 
molybdenum-deficient soils also showed a nitrogen deficiency 
(Becking, 1961; Hewitt and Bond, 1966). 
Bond (1962) showed that cobalt was required by Alnus 
nodules. Plants grown in the absence of cobalt became acutely 
chlorotic. However, when cobalt was supplied, the deficiency 
symptoms were removed. 
Bond (1967) suggested that copper was necessary for 
nitrogen fixation by alder. He found that plants with 
adequate amounts of copper were bigger, greener, and had more 
leaf nitrogen than plants with no copper. 
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4. Effects of photosynthesis on nitrogen fixation 
Wheeler (1970), Bond and Mackintosh (1975a), Dalton 
and Zobel (1977) and Dawson (1977) reported that nitrogen 
fixation in Alnus glutinosa began in early morning and in­
creased in rate to a midday maximum, followed by a decline 
in rate throughout the afternoon. 
Purshia tridentata plants grown in stands in the central 
Oregon pumice region were shown to begin nitrogen fixation 
around mid-May, peak to a maximum level in June and decrease 
to nearly zero levels in September (Dalton and Zobel, 1977). 
Stewart (1962) found nitrogen fixation in Alnus to reach a 
maximum in late August, followed by a decline in September. 
Bond and Mackintosh (1975a) suggested that nitrogen fixa­
tion rates (in alder) increase because of increasing carbo­
hydrate levels and temperature. They found that nitrogen 
fixation rates of detached nodules would increase from 10° 
to 36°C (air temperature). Wheeler (1970) found the maximum 
acetylene reduction rates for nodules of Alnus glutinosa to 
be near 25°C. 
Gordon and Wheeler (1978) found a positive correlation 
between net photosynthesis and acetylene reduction (0.59). 
They got a correlation coefficient of 0.58 for net photosyn­
thesis and nodule fresh weight. Quispel (1958) found that 
Alnus glutinosa plants, when grown in low light, will produce 
smaller and fewer nodules. 
10 
Lawrie and Wheeler (1973) noted that nodules need a 
supply of recently manufactured photosynthates for optimum 
rates of nitrogen fixation. It also was noticed that most 
of the photosynthates went to cells that were still develop­
ing (for maintenance and growth of the actinomycete). However, 
most of the nitrogen fixation occurred in the older more 
densely packed nodules. 
The major sugars extracted from nodules of Alnus 
glutinosa were sucrose, glucose and fructose (Wheeler, 1970). 
The predominate amino acids found in the root nodules of 
Alnus glutinosa were citrulline (the greatest amount), 
aspartic acid, glutamic acid, gamma aminobutyric acid and 
arginine (Leaf, Gardner and Bond, 195 8). 
B. Moisture Stress 
1. Measurement and control of moisture stress with 
polyethylene glycol as the osmoticant 
Michel and Kaufmann (1973) looked at the moisture stress 
curves for polyethylene glycol 20,000 at different concentra­
tions and temperatures. They found the curves to be different 
from the curves for salts and sugars. Increasing concentra­
tions gave a curvilinear response. It also was noted in the 
experiment that the best measurements of the osmotic poten­
tials were with thermocouple psychrometers rather than vapor 
pressure osmometers. Dewpoint hygrometers also have been 
found to give reliable measurements of water potential. They 
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have a sensitivity of 0.75 microvolts per bar and a sensi­
tivity in temperature of 0.45 percent per degree centigrade 
(Campbell and Barlow, 1973). Campbell and Campbell (1974) 
developed a leaf hygrometer that gave values comparable to 
those of a pressure chamber. Nelsen, Safir and Hanson (1978) 
obtained similar results with a dewpoint hygrometer and 
thermocouple psychrometer when they used discs of the same 
size. 
Jarvis and Jarvis (1963) used polyethylene glycol 
(molecular weight 1540 and 4000) in their experiments. They 
found the glycols to be better osmotic agents than sodium 
chloride. Even though polyethylene glycol caused decreased 
transpiration, it stimulated root growth. Sodium chloride 
did not stimulate root growth. 
Janes (1974) found polyethylene glycol (400) to have no 
effect on the leaves of pepper. This conclusion was reached 
after noting the changes in transpiration with changes in 
osmotic potential. 
Polyethylene glycol 20,000 (after purification by di­
alysis) has been shown to be a very good substance for con­
trolling osmotic potential of nutrient solutions. Traces of 
the polyethylene glycol were found in plant leaves, but had 
no effect on normal functions. Thus, polyethylene glycol 
20,000 has been considered inert (Lagerwerff, Ogata and Eagle, 
1961). Kaul (1966) was successful in using polyethylene 
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glycol 4000 to stress wheat, oat, and barley plants. There 
were no differences in the results on any of the cereals. 
Janes (l974) found polyethylene glycol 4000 to be toxic 
to pepper plants when it was used without purification. It 
also was noted that the amount of glycol entering the roots 
was inversely proportional to molecular size. Reductions in 
transpiration rates were thought to be caused by blockage of 
the transpiration stream with polyethylene glycol. 
Kramer (1974) suggested that the wilting point for most 
cultivated plants range from -10 to -20 bars. The permanent 
wilting point is usually around -20 bars. 
2. Effects of moisture stress on photosynthesis of forest 
trees and some annual plants 
Hari and Luukkanen (1974) found that during drought con­
ditions (physiological drought) CO2 uptake of birch was 
strongly diminished. They ascribed this decrease in CO2 up­
take to increases in mesophyll resistances (stomatal control). 
,Hari and Luukkanen (1973) found much the same responses with 
alder plants. They found that with gradual decreases in soil 
moisture there was a corresponding gradual decrease in net 
photosynthesis. However, there were no visible symptoms of 
water deficit. The physiological drought was more severe at 
high temperatures than at low temperatures. In some cases, 
it was noted that lowering of the temperature would completely 
remove the stress. 
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Drought and excessive water may cause below normal rates 
of photosynthesis. Drought conditions of pecan plants were 
most easily removed by watering, which caused a concomitant 
increase in apparent photosynthesis. Stress also was removed 
when water-saturated soils were allowed to dry down. This 
also resulted in increases in apparent photosynthesis 
(Loustalot, 1945). 
Moss, Musgrave and Lemon (1961) found that photosynthetic 
rates of corn plants were reduced when soil moisture levels 
were low; also, they noted that the plants could be under 
water stress without visible signs of wilting. Tanaka, 
Fujita and Kiyoko (1974) found photosynthetic rates of 
tomatoes to be negatively correlated with moisture. However, 
they questioned the significance of the correlations. A 
moisture stress study by Brix (I95l) compared photosynthesis 
and respiration of tomato and loblolly pine. Photosynthesis 
and respiration were closely related to the diffusion pressure 
deficit of the leaves. Photosynthesis began to decrease at 
4 atmospheres for loblolly pine and 7 atmospheres for tomato. 
Respiration in tomatoes began to decline at 8 atmospheres and 
7 atmospheres for loblolly pine. 
Bryan and Wright (1974) noted that Pinus attenuata plants 
growing under moisture stressed conditions of -15 bars would 
show increased photosynthetic rates when the CO2 levels were 
increased. 
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Bazzaz, Paape and Boggess (1971) noted that Sassafras 
albidum showed a decrease in photosynthetic rate at leaf 
water potentials of -12 to -14 bars. At -21 bars, photosyn­
thesis was only negligible. In aspen-poplar hybrids, net 
photosynthesis was noted to increase with soil water poten­
tials from -15 to -0.33 bars (Smith and Gatherum, 1974). 
In a Scotch pine provenance study, photosynthesis of 3-
year-old seedlings was found to increase with increasing soil 
moisture. Respiration rates also increased when the moisture 
levels were raised (Schultz and Gatherum, 1971). 
C. Photosynthesis 
1. Measurement of photosvntheticallv active radiation 
Scientists finally have begun to make strides towards 
developing effective methods and instruments to measure light 
available for photosynthesis. Tanner and Federer (1965) sug­
gested that light sensors be designed to respond in the region 
of the photosynthesis action spectrum. Bohning and Burnside 
(1955) suggested that the photosynthetic action spectrum of 
more higher plants needed to be determined so that a spectrum 
could be agreed upon. McCree (1955) discussed the inherent 
variability of plant response to instrumentation. He noted 
the varying degree of greenness of different plant species 
and suggested that a standard photosynthetic curve could lead 
to large errors in some plants. Yocum, Allen and Lemon (1964) 
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found that a spectrophotometer with a sensitive range from 
300 to lOOO nanometers was adequate for taking field measure­
ments . 
Instruments are now available that can effectively mea­
sure the action spectrum of photosynthesis with minimal 
errors. The measure of illumination seems to be a very poor 
measurement to relate to a photosynthesis response. A better 
correlation can be made between light and photosynthesis if 
the light measurements are taken in energy terms, using the 
einstein unit (Shaw, 1956), Tanner (1963), Brooks (1954) and 
Tanner and Federer (1956) suggested that the microeinstein was 
a more convenient light unit for studying photosynthesis. 
Clark and Lister (1975b) have tried to determine the 
action spectra of trees. They have found that the relative 
reflectance curve for Douglas-fir and Sitka, Colorado, and 
blue spruce range from 200 to 700 nanometers. This curve 
agreed well with the reflectance curve for all green plants. 
However, the foliage of Colorado and blue spruce showed a 
higher reflectance over most of the spectrum (especially in 
the blue region where the wavelengths ranged from 400 to 500 
nanometers). A waxy substance on the needle surface was be­
lieved to be responsible for the high reflectance. 
Clark and Lister (1975a) also noted that the blue peak 
of net photosynthesis for red alder was reduced to a plateau 
for the needles of Douglas-fir, Sitka spruce, Colorado spruce, 
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and blue spruce. These conifers all had similar amounts of 
carotenoids (nearly 50% more carotenoids relative to chloro­
phyll when compared to red alder). 
2. Effects of temperature and light on photosynthesis and 
respiration of forest trees and some annual plants 
Kramer and Decker (1944) revealed that loblolly pine in­
creased its photosynthetic rate with light flux density, al­
most to the level of full sunlight. Hardwood species reach 
maximum photosynthesis at about one-third full sunlight. 
Hardwood species show slight, insignificant decreases at 
higher light levels. Bourdeau and Laverick (1958) found that 
the shade needles of both red and white pine had higher photo-
synthetic rates than sun needles (on a unit-weight basis). 
Shade-grown red pine had a lower light compensation point 
and was more efficient in weak light. There was no differ­
ence in compensation point in white pine. 
Douglas-fir seedlings of the geographic varieties 
menziesii and glauca were grown from seed collected from 
southern Vancouver Island, British Columbia, and western 
Montana. Photosynthesis and respiration rates were measured 
for ranges of temperature, light level and under constant 
high levels of illumination. Maximum photosynthesis occurred 
near 20 to 25°C for 35- and 65-day seedlings. Seedlings from 
Vancouver at certain temperatures had significantly higher 
photosynthetic rates than seedlings from Montana. At 20 to 
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35°C, respiratory rates of 35-day-old seedlings from Vancouver 
were significantly higher than respiration rates of seedlings 
from Montana. Saturation light levels for both varieties 
were near 3000 foot candles. The observed differences of the 
seedlings from the two areas often diminished with age 
(Krueger and Ferrell, 1965). 
Hari and Luukkanen (1974), while studying the effects of 
water stress, temperature, and light on birch, found that net 
photosynthesis was mainly controlled by light and temperature 
when adequate moisture was available. Hari and Luukkanen 
(1973) did a study of water stress, temperature, and light 
for alder plants (Alnus incana L. Moench). Again, they found 
that net photosynthesis was mainly controlled by light and 
temperature when the plants had an adequate water supply. 
They also noted that the midday physiological drought could be 
reversed either by supplying water or by lowering the tempera­
tures . The leaves of Eucalyptus fastigata have been shown to 
have their photosynthesis maxima at intermediate light levels, 
rather than at low or high levels. The highest rates of ap­
parent photosynthesis were noted for the intermediate leaves, 
rather than young or old (Cameron, 1970). 
Light saturation for many species may be removed by ele­
vation of the CO2 levels. Net photosynthesis in dim light 
varies very little, but in bright light, photosynthetic varia­
tion is increased (Hesketh and Moss, 1963). 
18 
A study was done by Decker (1944) to compare the effects 
of temperature on photosynthesis and respiration on red and 
loblolly pines. In both species, apparent photosynthesis was 
about the same at 20 and 30°C. Respiration increased in both 
species to 40°C. The study concluded that movement of red 
pine from its natural range in New York to North Carolina 
did not affect its photosynthesizing ability. Bohning and 
Burnside (1955) found apparent photosynthesis to be zero in 
leaves of sun plants at light levels of 100 to 150 foot 
candles. The shade plants did not show a net photosynthesis 
of zero until the light level was reduced to 50 foot candles. 
Light saturation for sun plants ranged from 2000 to 2500 foot 
candles, while light saturation for shade plants ranged from 
500 to lOOO foot candles. Moss, Musgrave and Lemon (1961) 
found that light was the predominant factor for controlling 
photosynthesis when adequate moisture was available. Also, 
90 percent of the fluctuations in rates of assimilation were 
due to light intensity. When temperatures were increased, 
respiration rates increased, but the apparent photosynthetic 
rates did not decrease. 
In a study with soybeans, Dornhoff and Shibles (1974) 
found maximum net COg exchange to occur 2 to 6 days after 
full leaf expansion (rather than at full leaf expansion). 
They also noted that young, fully expanded leaves at seed 
filling had a maximum net CO2 exchange at 340 watts per meter 
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square, while young fully expanded leaves at earlier stages 
of development were light saturated at 120 watts per meter 
square. With barley plants, Winzeler, Hunt and Mahon (1976) 
found CO2 uptake to be highly correlated with temperature. 
The photosynthetic rates increased with increasing tempera­
ture to 28°C. Increased respiration rates, with temperature, 
could only be noticed at plant maturity. The ratio of total 
daily respiration to gross photosynthesis decreased from high 
values in young plants, followed by a minimum ratio, then 
increased in later stages of the plant's life cycle. 
Pearce, Brown and Blaser (1968) did a study with alfalfa 
and found that leaves which remained exposed to high light 
intensity were photosynthetically active longer than those in 
shade or low light. They also noted that photosynthesis de­
clined with leaf age after the leaf was fully expanded. 
3. Photosynthesis and respiration rates of forest trees 
and some annual plants 
The photosynthetic rates of oak (in terms of dry matter) 
were found to be highest in the apical region followed by the 
central and lowest in the basal region of the crown. The dry 
matter for the entire crown was determined to be 5.59 grams/ 
dm . Throughout the growing season, the dry weight increment 
for the entire crown ranged from 0.1 to 43.0 mg/dm^/hr (Penka, 
Cermak and Stepanek, 1971). Logan (1971) determined the 
photosynthetic rates of jack pine provenances. There were 
no differences in photosynthetic rates for the 1968 needles 
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of all provenances (from July to September). Some of the 
provenances maintained high photosynthetic rates throughout 
October; but rates for all provenances declined in November. 
The younger 1969 needles had higher rates than the older 196 8 
needles. The only significant differences seen for prove­
nances were for October and November. 
Borovikova (1970) showed photosynthetic rates of pine 
needles to be greater for larger trees. These rates (on 
sunny days) also were noted to be higher in the morning, and 
began a steady decline just before noon. The photosynthetic 
rates of Sassafras albidum showed an increase to 3000 foot 
candles. At higher temperatures (30°C) Sassafras showed an 
increase to 5000 foot candles. Dark respiration rates (of 
Sassafras albidum) showed a linear relationship with tempera­
ture (Bazzaz, Paape and Boggess, 1971). 
Little and Loach (1973) found that the rise and fall of 
carbohydrate concentration of balsam fir, before and after bud 
break, was positively correlated with net photosynthesis. 
They suggested that photosynthate accumulation did not affect 
the net photosynthetic rate. 
Populus deltoides has been found to exhibit measurable 
CO, evolution in light at a leaf plastorchron index (LPI) of 
2. At LPI 4, the plant reaches its maximum photosynthetic 
rate per unit leaf area (Isebrands and Larson, 1973). 
Tanaka, Fujita and Kiyoko (1974) showed that the leaves 
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of tomatoes gave increased photosynthetic rates with leaf 
age, followed by a gradual decline. They also found that 
photosynthetic rates were positively correlated with the con­
tent of nitrogen, phosphorus, chlorophyll, and starch and 
were negatively correlated with calcium, manganese, silicon, 
and moisture. 
Gjerstad (1975) did a study on Populus x euramericana. 
He found photorespiration to be highly correlated with diffu­
sive resistances. The highest diffusive resistances were 
seen in older leaves. He also found that oxygen uptake (when 
glycolate was the substrate) decreased gradually with leaf 
age. Dark respiration was highest in young leaves, then 
decreased rapidly, followed by a slow decline in old leaves. 
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III. OBJECTIVES 
The objectives of the study were to determine the 
feasibility of early selection of Alnus glutinosa clones 
for nurse crop and tree crop capabilities. The clones were 
evaluated on their photosynthesis, respiration, nitrogen 
fixation, height-growth, and dry weight (root, shoot, and 
nodule) response to moisture stress conditions. 
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IV. DATA ACQUISITION 
A. Materials and Methods 
1. Plant selections 
The plants chosen for use in the study were selected in 
two stages. 
a. Stage 1 Twenty-four seedlots were chosen from 
the 650 available in the range-wide alder seed collection 
(Robison et al., 1979). The seedlots came from elevations 
ranging from 20 to 455 meters. The effort was to try to 
choose seedlots from varied environments and different geo­
graphic origins. These 24 seedlots were distributed over 14 
countries. The seedlot codes and localities are shown in 
Table 1. 
b. Stage 2 The 24 seedlots were started from seed 
in a mixture of peat moss and vermiculite (media throughout 
the study). After the plants reached 5 weeks of age,they were 
screened for one month for nurse crop characteristics of slow 
height-growth and high dry weight production and timber crop 
characteristics of rapid height-growth and high dry weight 
production. 
The seedlots were replicated four times in either low 
light and high moisture, high light and high moisture, low 
light and low moisture or high light and low moisture. Low 
light levels were achieved by using shade filters that allowed 
only 1/3 of daytime photosynthetically active radiation to be 
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Table 1. Seedlot codes and locality of selected material 
Seedlot Locality Seedlot Locality 
AG-8013 Iran AG-1111 Ireland 
AG-2662 Finland AG-2631 Finland 
AG-2915 USSR AG-2675 Finland 
AG-4711 West Germany AG-4x42 Austria 
AG-4x53 West Germany AG-4x63 East Germany 
AG-5411 Poland AG-8423 USSR 
AG-5622 Poland AG-9111 Spain 
AG-6535 France AG-9911 Greece 
AG-6x04 Belgium AG-1162 Ireland 
AG-9714 Italy AG-1191 Ireland 
AG-6331 Switzerland AG-1291 Ireland 
AG-1261 Ireland AG-8034 Iran 
available to the seedlings. High light levels were achieved 
by having seedlings exposed to normal daytime photosyntheti-
cally active radiation (no shade filters). High moisture 
levels were achieved by watering seedlings every day and low 
moisture levels were achieved by watering when seedling leaves 
began to wilt. 
Table 2 shows the results of Duncan's multiple range 
significance tests (at P<0.05) for height-growth means 
(across treatments) after 2 8 days. Table 3 shows Duncan's 
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Table 2. Duncan's multiple range test for height-growth of 
individual seedlots (across treatments) after four 
weeks 
Seedlot Mean heights (cm)^ 
AG-1162 33.34 
AG-1291 32.52 
AG-4711 31.03 
AG-4x63 30.97 
AG-8034 30.44 
AG-5411 29.81 
AG-2675 29.79 
AG-1191 29.23 
AG-2662 27.84 
AG-4x53 26.89 
AG-2915 2 6 , 6 9  
AG-5622 26.62 
AG-6535 26.48 
AG-2631 26.39 
AG-1261 26.13 
AG-9714 25.83 
AG-5x04 24.88 
AG-6331 24.55 
AG-8423 24.51 
AG-1111 23.79 
AG-8013 23.45 
AG-4x42 23.14 
AG-9111 11.31 
^Means under the same line are not significantly differ­
ent at P<0.05. 
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Table 3. Duncan's multiple range test for shoot dry weights 
of individual seedlots (across treatments) after 
four weeks 
Mean shoot dry weight^ 
Seedlot (grams) 
AG-1162 4.4 
AG-1291 3.7 
AG-4x63 3.5 
AG-2662 3.5 
AG-1191 3.3 
AG-8034 3.2 
AG-1111 3.2 
AG-2675 3.1 
AG-1261 3.0 
AG-2631 3.0 
AG-5411 2.9 
AG-4x53 2.8 
AG-2915 2.7 
AG-8013 2.6 
AG-4711 2.6 
AG-5x04 2.5 
AG-5622 2.5 
AG-6535 2.5 
AG-6331 2.4 
AG-8423 2.4 
AG-4x42 2.1 
AG-9714 2.0 
AG-9111 0.3 
^Means under the same line are not significantly differ­
ent at P<0.05. 
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multiple range significance tests (P<0.05) for shoot dry 
•weights across treatments. Tables 2 and 3 show significant 
differences (P<0.05) between clones. The seedlots selected 
from the initial screening were AG-1162 (from Ireland), 
AG-1291 (from Ireland), AG-6331 (from Switzerland), AG-5622 
(from Poland) and AG-2915 (from Russia). 
Seedlots AG-1162 and AG-12 91 were chosen as tree crop 
candidates because of their superior height-growth rates and 
dry matter production across treatment combinations. Seedlot 
AG-6331 was chosen as a nurse crop candidate. The seedlings 
exhibited slow height-growth and low dry weight production 
across treatment combinations. Seedlots AG-5622 and AG-2915 
were chosen for their nearly average height-growth rates and 
dry weights. These seedlots might have nurse crop and/or 
tree crop potential. 
2. Inoculation 
Softwood cuttings were rooted (one tree of each selected 
seedlot was cloned) in a greenhouse mist bed containing per-
lite as the media. The cuttings were left there for 5 to 7 
weeks until rooted. Afterwards, they were placed under hy-
droponic conditions. In the hydroponics,the plants were 
given 1/2 strength Hoagland-Arnon nutrient solution (Hoagland 
and Arnon, 1950) that had been modified to exclude nitrogen 
(calcium nitrate and potassium nitrate). The ingredients of 
the nitrogen-free nutrient solution are displayed in Table 4. 
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Table 4, Nitrogen-free Hoagland-Arnon nutrient solution 
Milliliters of 
stock solution 
Stock solution per liter of 
Ingredients (g/l) nutrient solution 
KHgPq, 34.0 15.0 
MgSO^.VHgO 74.0 6.75 
CaCl2*2H20 88.0 7.5 
NaEDTA + FeSO^'VHgO 13.0 5.0 
Micronutrients^ 5.0 
^Stout (1961). 
Also, supplemental air and 3 ml of a (optical density of 
0.030 at 620 nm) pure culture Alnus crispa inoculum were 
supplied to each pot (one gallon size Seal-Eze pots obtained 
from Plastic Enterprises Inc., Independence, Missouri). The 
original inoculum was provided by Dr. M. Lalonde at Kettering 
Research Laboratories. 
The plants remained in hydroponics throughout the study. 
They were not stressed with polyethylene glycol (P.E.G.) 
6000 until 5 weeks after inoculation. Even though nodules 
were seen as early as 1 week after inoculation, an addi­
tional 3-week period was given for nodule growth and develop­
ment. The additional 3 weeks allowed enough time for plant 
nitrogen deficiencies to be removed (through nitrogen 
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fixation). After the nitrogen deficiency symptoms were re­
moved (4 weeks), all plants were cut back to 15 cm from the 
top of each pot and given one week of adjustment before being 
stressed with P.E.G. 6000. The height-growth measurements 
were taken from the point where all plants were cut back 
(15 cm) to the tip of the terminal bud. 
3. Determination of a P.E.G. 6000 water potential curve 
Several solutions of P.E.G. 6000 (obtained from Sigma 
Chemical Company, St. Louis, Missouri) were prepared by mixing 
different amounts of P.E.G. with 1/2 strength Hoagland-Arnon 
nutrient solution (nitrogen-free. Table 4). The amounts were 
the same as those used by Michel and Kaufmann (1973). 
The prepared samples were run on a dewpoint hygrometer 
(Hewlett Packard Model 302B) at 25°C. The readings were re­
corded in microvolts (^V). The readings were corrected for 
temperature changes using the following formulas 
_ (iX 
^^25 ~ (.325 + .027 temperature °C) 
The water potentials (Y^J were determined from a stan­
dard regression equation (Long, 1967); 
4'^ = -0.786 + 1.373 (^^2^) 
Figure 1 shows the curve of water potential (bars) against 
grams of P.E.G. per 10 grams of nutrient solution. 
The P.E.G. (molecular weight 6000) used in this study 
was not purified. Lawlor (1970) found that P.E.G. 4000 could 
Figure 1. Determination of a P.E.G. 6000 water potential 
curve 
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be successfully used as an osmoticant on maize without puri­
fication. Preliminary experimentation revealed that alder 
plants could tolerate small amounts of stress without purifi­
cation. Figure 2 shows average height-growth rates of plants 
stressed for one month with unpurified P.E.G. 6000 at -3 and 
-6 bars. Alder plants could not tolerate a stress of -9 bars 
with unpurified P.E.G. The plants died within one week after 
they had been stressed. Mok (1979) showed that the upper 
limit of stress (with P.E.G. 20,000) that soybean plants 
could survive was -5 bars. However, the plants could only 
survive for a few days. 
Thus, P.E.G. (molecular weight 5000) was used in the 
study at concentrations of -2.2 bars (moisture level 2), and 
-4.4 bars (moisture level 3). The control (moisture level 1) 
had a water potential of -0.2 bars and contained nutrient 
solution only. The -2.2 bar solutions were chosen to give 
the plants a very mild stress and the -4.4 bar solutions 
were chosen to give the plants a somewhat higher stress with­
out having very high mortality rates. 
4. Dilution of P.E.G. 6000 solutions 
The P.E.G. 5000 solutions were changed every three weeks 
(after measurements of photosynthesis, respiration, acetylene 
reduction and height-growth had been taken) for a 12-week 
period to prevent dilution to control levels and to prevent 
excessive bacterial degradation. Figure 3 shows that the 
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Figure 2. Plant-height growth in P.E.G. 6000 at -3 and -6 
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water potential of the nutrient solutions decreased at 1 and 
2 weeks and increased at 3 weeks. The small decrease fol­
lowed by an increase in water potential might simply have 
been caused by changes in salt concentration in the nutrient 
solutions. 
Figure 4 reflects that water potential of the -2.2 bar 
solutions increased almost linearly to 3 weeks (-0.2 bars at 
the end of 3 weeks). Figure 4 also shows that P.E.G. 5000 
solutions of -4.4 bars increased in water potential during 
- the 3-week period (-0.2 bars at the end of 3 weeks). The 
dilution effect probably resulted because of bacterial break­
down of P.E.G. 6000 and small amounts of low molecular weight 
P.E.G. being taken up by the plants. Also, the dilution 
curves (Figure 4) reflect that the plants were under reduced 
stress during measurement of photosynthesis, respiration, and 
acetylene reduction (the 3rd week). 
5. Measurement of leaf water potentials 
Leaves for leaf water potential measurements came from 
a separate 3-week study that included the same clones and 
moisture conditions as the plants under the long-term study 
(12 weeks). Leaf water potentials were measured at midday 
with a 600s pressure bomb, from P.M.S. Instrument Company. 
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The measurements were taken at 24 hours, 1 week, 2 weeks 
and 3 weeks after addition of P.E.G. 6000 plus nutrient 
solution or nutrient solution at concentrations of -0.2 
bars (nutrient solution), -2.2 bars (P.E.G.) and -4.4 bars 
(P.E.G.). These measurements were taken to note changes 
in leaf water potentials from 24 hours after initial 
application until time for application of fresh P.E.G. 
6000 solutions and fresh nutrient solutions (3 weeks). 
The leaf water potential data were collected for mois­
ture stress (moisture levels 1, 2, and 3) and weeks (24 
hr, 1 week, 2 weeks and 3 weeks) across clones. The plants 
were too severely desiccated to provide enough leaves for 
data collection for individual clones. 
-5 
• -4.4 bars 
0 -2.2 bars 
- 4 
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0 1 2 3 
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Figure 4. Water potentials attained with nutrient solution 
plus P.E.G. 6000 from time 0 to 3 weeks 
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6. Measurement of net photosvnthesis and respiration 
Net photosynthetic and respiratory rates (dark respira­
tion) were measured every three weeks (during the 3rd week) 
2 
over the three-month study and were expressed as mg C02/dm 
hr. Linear regressions of leaf length x width measurements 
against planimeter readings were plotted and calculated for 
each of the selected clones (Figures 5-9). Separate equations 
were used because there were significant differences (P<0,05) 
between the slopes of the regression lines for clones. The 
equations were used for computing leaf areas at the time of 
each net photosynthesis and respiration measurement. 
The net photosynthesis and respiration measurements 
were made using a plexiglass controlled environment chamber 
as described by Broerman et al. (1967). The necessary equip­
ment, specifications, and procedures are listed below: 
1. The closed system contained an 8.5 and 15.5 liter 
plexiglass environment chamber into which the tops 
of the plants were sealed, a spherical-float flow 
meter (flow rate of 5 liters per minute), a calcium-
chloride desiccator, and rotary air pump for pushing 
air through the Beckman IR 215 infra-red CO2 
analyzer. 
2. The plexiglass environment chamber temperature ranged 
from 25°C to 28°C and photosynthetically active 
radiation (measured with a Lambda LI185 Quantum 
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Figure 7, Plot of leaf area with planimeter against length 
times width measurements for clone AG-5622 
(R = 0.99) 
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sensor) at the plant tip was approximately 2200 
microeinsteins m ^sec ^. 
3. Net photosynthesis was calculated as the rate of 
CO2 depletion at a CO2 concentration of 320 parts 
per million (0.03%) in the chamber (recorder de­
flection from 0.80 to 0.58) and dark respiration was 
measured as COg accretion in the chamber (recorder 
deflection from 0.58 to 0.80). 
Net photosynthesis and respiration measurements were 
taken on all 45 plants. However, because of the large number 
of plants, measurements were taken both during the day and 
night hours. Thus, a light saturation curve (Figure 10) was 
developed to see if the artificial lighting system (a central 
450 watt mercury vapor lamp surrounded by four 500 watt in­
candescent floodlamps) was sufficient to completely saturate 
the Alnus plants. The light saturation curve revealed that 
Alnus plants were light saturated at 1525 microeinsteins 
m ^sec ^ while the maximum night irradiance was 22 87 micro-
. • —2 —1 
einsteins m sec , 
7. Measurement of acetylene reduction 
Acetylene reduction samples were collected and measured 
every three weeks (for each plant) for three months. The 
samples were collected at night (under weak fluorescent lights 
providing approximately 20 microeinsteins of PAR) to avoid 
the daytime fluctuations in acetylene reduction rates (Dawson, 
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Figure 10. Light saturation curve for Alnus qlutinosa 
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1977). The procedures (as described by Hardy et al., 196 8) 
are listed below; 
1. The root system of a whole plant was sealed in a 
saran bag (Maraflex Shrink Bags from American Can 
Company) with the root collar and the middle of a 
short L-shaped glass tube embedded in plasticine at 
the neck of the bag. 
2. A nylon cord was tightly tied around the bag to 
press it against the plasticine and seal the root 
system in the bag. 
3. The flared outside end of the tube was fitted with 
a serum stopper so the bag containing the root system 
could be evacuated with an air pump and 50 ml of 
acetylene and 200 ml of air could be injected into 
each bag. 
4. After incubation for 1 hour at 25°C, three 1-ml 
samples were drawn with syringes from each saran 
bag and stuck in a rubber stopper to prevent escape 
of the gaseous sample before measurement of acety­
lene reduction. 
5. The samples were analyzed on a Varian model 2740 gas 
chromatograph with a 1 m x 3 mm porosil C packed 
column with phenylisocyanate as the liquid phase. 
Oven temperature was 35°C and detector temperature 
was set at 95°C. The flow rates were set at 40 ml/ 
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min for the nitrogen carrier gas, 40 ml/min for 
hydrogen and 400 ml/min for air. 
In order to convert the peak areas from the intergrator 
recorder to micrograms of ethylene, a regression equation for 
micrograms of ethylene against peak area was developed 
(Figure 11). Also, standard samples of ethylene (100 (^1/ 
liter) were injected after every 6 experimental samples to 
assure that the instrument was working properly and to adjust 
values when the instrument was reading too high or too low. 
8. Measurement of dry weights (roots, shoots. and nodules) 
At the end of the study, individual plant parts (roots, 
shoots, and nodules) were separated, weighed (wet weight) and 
dried at 50°C for 2 weeks so that dry weights could be 
determined. 
9. Statistical design and comparisons 
The experiment was run as a completely randomized de­
sign with replications. Each of the 5 clones was replicated 
three times in -0.2 bar nutrient solution (control), -2.2 bar 
P.E.G. 6000 solution and -4.4 bar P.E.G. 5000 solution. Also, 
since repeated measurements of height-growth, net photosyn­
thesis, respiration and acetylene reduction were taken every 
3 weeks for 3 months (4 separate measurements), the analysis 
was split on weeks to determine if there were differences 
across weeks. 
47 
1400 
1200 
1000 
800 
600 
400 
200 
Micrograms = -9.55 + 0.0 3 (peak ares 0 
/ 
/ / 
y 
/ 
10000 20000 30000 40000 
Peak area 
Figure 11. Plot of peak area against micrograms of ethylene 
(R = 0.99) 
48 
Orthogonal comparisons were made for clones, moisture 
levels and weeks. Clonal comparisons were arranged so that 
fast-growing clones could be compared with slow-growing 
clones and combinations of a fast-growing clone and a slow-
growing clone compared with a slow-growing clone or a fast-
and a slow-growing clone. Moisture level comparisons con­
sisted of control versus treatments (moisture levels 2 and 3) 
and moisture level 2 versus moisture level 3. The week com­
parisons were arranged so that weeks 1 and 2 were compared 
with weeks 3 and 4, week 1 compared with week 2 and week 3 
compared with week 4. Also, the interactions and interaction 
comparisons of clone*moisture level, clone*week, moisture 
level*week, and clone*moisture level*week were made. Duncan's 
multiple range significance tests were made when main effects 
were significant at P<0.05 to display treatment mean values 
and to show the significant differences. 
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V. RESULTS 
A. Effects of P.E.G. 6000 on Leaf 
Water Potentials 
The analysis of variance for leaf water potential mea­
surements (Table 5) did not provide any significant differ­
ences (P<0.05) for moisture levels. However, there were 
significant differences (P<0.01) for weeks. The Duncan's 
multiple range tests (Table 6) reflect that leaf water poten­
tials at 24 hours after addition of P.E.G. 6000' (at -2.2 and 
-4.4 bars) were significantly higher (P<0.05) than leaf water 
potentials after 2, 3, and 4 weeks of moisture stress with 
P.E.G. 6000. Also, leaf water potentials at 4 weeks were 
significantly higher (P<0.05) than leaf water potentials at 
2 and 3 weeks. The plot for leaf water potential measurement 
is given in Figure 12. 
B. Effects of Moisture Stress on Dry Weights 
1. Root dry weight. 12 weeks 
The analysis of variance for root dry weight is given in 
Table 7. The only significant (P<0.05) main effect was mois­
ture level. There were no significant interactions at P<0.05. 
The only significant comparison (at P<0.01) was for moisture 
level 1 versus moisture level 2 and moisture level 3. 
The moisture level means in Table 8 show that moisture 
level 1 (2.32 grams) was significantly different (P<0.05) 
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Table 5. Analysis of variance for leaf water potentials 
(r2 = 0.84) 
Source 
Degrees of 
freedom 
Sum of 
squares F-value 
Total 59 359.0 
Replication 4 8.1 0.6 
Moisture level 2 12.7 2.0 
Error A 8 25.6 
Week 3 (D* 238.6 48.5** 
Moisture level*week 6 (2)3 15.1 1.53 
Error B 36 (12)3 59.0 
^Conservative degrees of freedom. 
**Significant at O.Ol level of probability. 
Table 5. Duncan's multiple range tests for leaf water 
potentials 
Mean leaf water 
Week potential (bars)^ 
24 hrs -8.5 | 
3 -9.5 I 
2 -12.8 
1 -13.1 
^eans under the same line are not significantly differ­
ent at P<0.05. 
Figure 12. Leaf water potentials of plants stressed with 
P.E.G. 5000 (moisture level 1 = -0.2 bars, 
moisture level 2 = -2.2 bars and moisture level 
3 = -4.4 bars) 
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Table 7. Analysis of variance for root dry weight after 12 
weeks of moisture stress with P.E.G. 6000 (R2 = 0.56) 
Source 
Degrees of 
freedom 
Sum of 
squares F-value 
Total 
Error 
Replication 
Clone 
Moisture level 
(Moisture level 1 vs 
moisture level 2 and 
moisture level 3) 
Clone*moisture level 
34 
18 
2 
4 
2 
(1) 
19.1 
3.0 
2.0 
10.4 
(11.2) 
5 ,6 
1.44 
0.47 
4.90* 
(10.17)** 
0.78 
*Significant at 0.05 level of probability. 
**Significant at 0.01 level of probability. 
Table 8. Duncan's multiple range tests for root dry weight 
after 12 weeks of moisture stress with P.E.G. 6000 
Moisture level 
Mean root dry 
weights (grams)^ 
1 
2 
3 
2.32 
1.15 
1.11 
^eans under the same line are not significantly differ­
ent at P<0.05. 
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from moisture level 2 (1.15 grams) and moisture level 3 
(1.11 grams). Figure 13 displays the main effects of moisture 
stress (with P.E.G. 5000) on root dry weights. 
2. Shoot dry weight. 12 weeks 
The analysis of variance for shoot dry weight (Table 9) 
reveals that moisture level was the only significant (P<0,05) 
main effect. Also, there were significant comparisons. Clone 
AG-1162 (fast-growing clone) was significantly different (P< 
0.01) from clone AG-5622 (slow-growing clone) and moisture 
level 1 (control) was significantly different (P<0.01) from 
moisture level 2 and moisture level 3. 
The Duncan's multiple range tests for moisture level 
means (Table 10) show that plants in moisture level 1 (lO 
grams) had significantly higher shoot dry weights (P<0.05) 
than plants in moisture level 2 (4.2 grams) and moisture 
level 3 (2.9 grams). Figure 14 gives the main effects for 
shoot dry weights after 12 weeks of moisture stress with 
P.E.G. 6000. 
3. Nodule dry weight, 12 weeks 
The analysis of variance (Table 11) did not show any 
significant differences (P<0.05) for main effects and inter­
actions. The only significance found (P<0.05) was for the 
comparison of clone AG-1162 (fast-growing clone) with clone 
AG-5622 (slow-growing clone). 
Figure 13. Root dry weight of 5 clones of Alnus glutinosa 
after 12 weeks of moisture stress with P.E.G. 
5000 (moisture level 1 = -0.2 bars, moisture 
level 2 = -2.2 bars, and moisture level 3 = 
-4.4 bars) 
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Table 9. Analysis of variance for shoot dry weight after 
12 weeks of moisture stress with P.E.G. 6000 
(r2 = 0.63) 
Degrees of Sum of 
Source freedom squares F-value 
Total 34 
Error 18 562,6 
Replication 2 42.5 0.68 
Clone 4 294.2 2.35 
(Clone AG-1162 vs 
clone AG-5622) (l) (253.0) (8.36)** 
Moisture level 2 244.3 3.91* 
(Moisture level 1 vs 
moisture level 2 and (1) (279.6) (9.24)** 
moisture level 3) 
Clone*moisture level 8 163.0 0.65 
*Significant at 0.05 level of probability. 
**Significant at 0.01 level of probability. 
Table 10. Duncan's multiple range tests for shoot dry weight 
after 12 weeks of moisture stress with P.E.G. 6000 
Mean shoot dry 
Moisture level weight (grams)^ 
1 10.0 I 
2 4.2 
3 2.9 
^eans under the same line are not significantly differ­
ent at P<0.05. 
Figure 14. Shoot dry weight of 5 clones of Alnus alutinosa 
after 12 weeks of moisture stress with P.E.G. 
5000 (moisture level 1 = -0.2 bars, moisture 
level 2 = -2.2 bars, and moisture level 3 = 
-4.4 bars) 
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Table 11. Analysis of variance for nodule dry weight after 
12 weeks of moisture stress with P.E.G. 6000 
(r2 = 0.50) 
Degrees of Sum of 
Source freedom squares F-value 
Total 34 
Error 18 1.44 
Replication 2 0.14 0.90 
Clone 4 0.63 1.98 
(Clone AG-1162 vs 
clone AG-5622) (1) (0.49) (6.24)* 
Moisture level 2 0.19 1.17 
Clone*moisture level 8 0.2 8 0.44 
*Significant at 0.05 level of probability. 
C. Effects of Moisture Stress Across Weeks 
1. Height-growth 
The analysis of variance for height-growth (Table 12) 
shows that there were significant differences for treatments 
in both the whole plot and split plot. Clone AG-6331 was 
significantly different (PcO.Ol) from clone AG-1162 and clone 
AG-5622. Also, clone AG-116 2 was significantly different 
(P<0.01) from clone AG-5622. Height-growth of plants in 
moisture level 1 was significantly different (P<O.Ol) from 
plants in moisture level 2 and moisture level 3. The plants 
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Table 12. Analysis of variance for height-growth across 
weeks (3, 6, 9, and 12 weeks) of moisture stress 
with P.E.G. 6000 (R2 = 0.93) 
Source 
Degrees of 
freedom 
Sum of 
squares F-value 
Total 
Replication 
Clone 
(Clone AG-6331 vs 
clone AG-1152 and 
clone AG-5522) 
(Clone AG-1162 vs 
clone AG-5622) 
Moisture level 
(Moisture level 1 vs 
moisture level 2 and 
moisture level 3) 
(Moisture level 2 vs 
moisture level 3) 
Clone*moisture level 
(Clone AG-1162 vs 
clone AG-5622*moisture 
level 2 vs moisture 
level 3) 
Error A 
Week 
155 
2 
4 
(1) 
(1) 
2 
(1) 
(1) 
8 
(1) 
139 
205.7 
5742.1 
(1808.4) 
(4142.6) 
2 876.2 
(1139.4) 
(1038.5) 
1420.5 
(1229.0) 
20911.4 
0.68 
9.54** 
(12.02)** 
(27.54)** 
9.56** 
(7.58)** 
(6.90)** 
1.18 
(8.17)** 
3 (1)3 6 811.7 64.8** 
^Conservative degrees of freedom. 
**Significant at O.Ol level of probability. 
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Table 12. (Continued) 
Degrees of Sum of 
Source freedom squares F-value 
(Week 3 and week 6 vs 
week 9 and week 12) (1) (6772 .9) (64 .6)** 
(Week 3 vs week 6) (1) (895 .0) (8 .51)** 
(Week 9 vs week 12) (1) (779 .3) (7 .41)* 
Clone*week 12 (4)3 358 .5 0 .85 
Moisture level*week 6 (2)3 451 .9 2 .15 
Clone*moisture level 
*week 24 (8)3 425 .3 0 .51 
Error B 67 (22)3 2312 .7 
*Significant at 0.05 level of probability. 
in moisture level 2 were significantly different (P<O.Ol) 
from plants in moisture level 3. The interaction comparison 
of clone AG-1162 versus clone AG-5622 interacting with 
moisture level 2 versus moisture level 3 was also significant 
at P<0.01. 
In the split plot, week was significantly different at 
P<0.01. Height-growth at weeks 3 and 6 was significantly 
different (P<0.0l) from height-growth at weeks 9 and 12. 
Height-growth at 3 weeks was significantly different (P<0.01) 
from height-growth at 6 weeks. Also, height-growth at 9 weeks 
was significantly different (P<0.05) from height-growth at 
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12 weeks. 
The Duncan's multiple range tests on height-growth means 
are recorded in Table 13. There were significant differences 
(P<0.05) for clone, moisture level and week. Clone AG-1152 
had a significantly larger (P<0.05) height-growth mean (35.2 
cm) than clone AG-1291 (22.5 cm), clone AG-2915 (19.0 cm), 
clone AG-5622 (18.8 cm) and clone AG-6331 (17.8 cm). Mois­
ture level 3 had a significantly smaller (P<0.05) height-
growth mean (16.2 cm) than moisture level 2 (23.5 cm) and 
moisture level 1 (26.6 cm). There was no significant dif­
ference (P<0.05) between moisture level 1 and moisture 
level 2. 
The Duncan's multiple range tests for week showed that 
mean height-growth at 12 weeks (33.9 cm) was significantly 
more (PcO.OS) than at 9 weeks (26.8 cm), 6 weeks (19.0 cm) 
and 3 weeks (13.0 cm). The height mean at 9 weeks was sig­
nificantly larger (P<0.05) than the mean at 3 and 6 weeks. 
Also, the mean at 6 weeks was significantly larger (P<0.05) 
than the mean at 3 weeks. 
Figure 15 shows the effects that moisture levels (1, 2, 
and 3) had on height-growth of individual clones. The 
figure (Figure 15) also shows the contribution (%) of week 
means (3, 6, 9, and 12 weeks) to the overall height-growth 
mean. 
Table 13, Duncan's multiple range tests for height-growth across weeks (3, 6, 
9, and 12) of moisture stress with P.E.G. 6000 
Clone 
Mean height-
growth (cm)^ 
Moisture 
level 
Mean height-
growth (cm)^ Week 
Mean height-
growth (cm)^ 
AG-1162 35.2 1 1 26.6 12 33.9 1 
AG-1291 22.5 2 23.5 9 
00 
AG-2915 19.0 3 16.2 1 6 19.0 1 
AG-5622 18.8 3 13.0 1 
AG-6331 17.8 
^Means under the same line are not significantly different at P<0.05. 
Figure 15. Height-growth of 5 clones of Alnus glutinosa 
after 12 weeks of moisture stress with P.E.G. 
6000 (moisture level 1 = -0.2 bars, moisture 
level 2 = -2.2 bars, and moisture level 3 = 
-4.4 bars)J the contributions (%) of individu­
al week means (3, 5, 9, and 12) to the overall 
week mean are also shown 
3 weeks 
6 weeks 
9 weeks 
12 weeks 
57 
2. Net photosynthesis 
The analysis of variance for net photosynthesis is 
displayed in Table 14. The only significant main effect was 
clone (P<0.05). Clone AG-2915 (slow-growing clone) was 
significantly different (P<O.Ol) from clone AG-1291 (fast-
growing clone). The only significant interaction (at P<0.05) 
was for the single degree of freedom comparison of clone 
AG-6331 (slow-growing clone) versus clone AG-1162 (fast-
growing clone) and clone AG-5622 (slow-growing clone) with 
moisture level 1 versus moisture level 2 and moisture level 3. 
The Duncan's multiple range tests for mean net photo­
synthesis (3 months) are given in Table 15. There were sig­
nificant differences (P<0.05) between clone means. Clone 
AG-2915 had a significantly higher rate of photosynthesis 
(P<0.05) than all other clones. 
Figure 15 shows the effects that moisture levels (1, 2 ,  
and 3) had on mean net photosynthesis of individual clones. 
The graph also shows the contribution (%) of week means 
(3, 5, 9, and 12 weeks) to the overall photosynthesis mean. 
3. Respiration 
The analysis of variance for respiration did not provide 
any significant (P<0.05) main effects and interactions. The 
single degree of freedom comparison found significant differ­
ences (P<0.05) for the comparison of clone AG-2915 (slow-
growing clone) with clone AG-1291 (fast-growing clone). 
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Table 14. Analysis of variance for net photosynthesis 
across weeks (3, 6, 9, and 12 weeks) of moisture 
stress with P.E.G. 6000 (R^ = 0.72) 
Source 
Degrees of 
freedom 
Sum of 
squares F-value 
Total 144 
Replication 2 3.8 0.4 
Clone 4 52.5 2.74* 
(Clone AG-2915 vs 
clone AG-1291 (1) (33.6) (7.0)** 
Moisture level 2 5.5 0.57 
Clone*moisture level 8 60.0 1.57 
(Clone AG-6331 vs clone 
AG-1152 and clone AG-5622 
*moisture level 1 vs 
moisture level 2 and 
moisture level 3) 
(1) (22.8) (4.75)* 
Error A 128 613.2 
Week 3 (1)3 36.0 2.24 
Clone*week 12 (4)3 23.5 0.53 
Moisture level*week 6 (2)3 27.4 1.23 
Clone*moisture level 
*week 24 (8)3 76.12 0. 86 
Error B 58 (19)3 211.1 
^Conservative degrees of freedom. 
•Significant at 0.05 level of probability. 
**Significant at O.Ol level of probability. 
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Table 15. Duncan's multiple range tests for net photo­
synthesis across weeks (3, 6, 9, and 12 weeks) 
of moisture stress with P.E.G. 6000 
Clone 
Mean net photosynthesis 
(mg C02/dm^hr)^ 
AG-2915 
AG-6331 
AG-1162 
AG-5622 
AG-1291 
5.6 
4.9 
4.1 
4.0 
3.8 
^eans under the same line are not significantly 
different at P<0.05. 
Also, there were no significant differences (P<0.05) for the 
split plot (week) and the interactions (Table 16). 
4. Acetylene reduction 
The analysis of variance for acetylene reduction (Table 
17) did not provide any significant differences (P<0.05) 
in the whole plot. 
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Figure 15. Net photosynthesis of 5 clones of Alnus qlutinosa 
after 12 weeks of moisture stress with P.E.G. 
6000 (moisture level 1 = -0.2 bars, moisture 
level 2 = -2.2 bars, and moisture level 3 = -4.4 
bars; the contributions (%) of individual week 
means (3, 6, 9, and 12) to the overall week mean 
are also shown 
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Table 16. Analysis of variance for respiration across weeks 
(3, 5, 9, and 12 weeks) of moisture stress with 
P.E.G. 6000 (R2 = 0.61) 
Degrees of Sum of 
Source freedom squares F-value 
Total 144 
Replication 2 4.2 0.17 
Clone 4 52.8 1.08 
(Clone AG-2915 vs 
clone AG-1291 (1) (57.7) (4.69) 
Moisture level 2 17.0 0.69 
Clone*moisture level 8 45.3 0.46 
Error A 128 1570.1 
Week 3 (1)% 147.0 4.25 
Clone*week 12 (4)3 64.0 0.46 
Moisture level*week 6 (2)3 70.3 1.01 
Clone*moisture level 
*week 24 (8)3 158.2 0.57 
Error B 58 (19)3 656.0 
^Conservative degrees of freedom. 
*Significant at 0.05 level of probability. 
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Table 17. Analysis of variance for acetylene reduction 
across weeks (3, 6, 9, and 12 weeks) of mois­
ture stress with P.E.G. 5000 (R^ = 0.97) 
Source 
Degrees of 
freedom 
Sum of 
squares F-value 
Total 75 
Replication 2 185,378.2 0.72 
Clone 4 498,755.2 0.97 
Moisture level 2 255,305.0 1.00 
Clone*moisture level 8 571,243.0 0.55 
Error A 59 7 ,580,395.7 
Week 3 (D* 790,545.4 17.0** 
Clone*week 11 (4)3 5 ,099,499.5 27.4** 
Moisture level*week 6 (2)3 508,833.4 5.53* 
Clone*moisture level 
*week 8 (3)3 1 ,553,355.2 11.83** 
Error B 15 (5)3 232,859.0 
^Conservative degrees of freedom. 
*Significant at 0.05 level of probability. 
**Significant at 0.01 level of probability. 
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The analysis of variance (Table 17) produced signifi­
cant main effects and interactions for the split plot. 
The significant main effect (PcO.Ol) was week. The inter­
action of clone with week was significant at P<0.01 (Table 
18), The moisture level with week interaction was signifi­
cant at P<0.05 (Table 19) and the clone with moisture level 
with week interaction was significant at P<0.01 (Table 20), 
The two-way tables (18 and 19) and the three-way table (20) 
reflect that there were very high and low mean values in 
the interactions. In the clone by week interaction (Table 
18), there were very high mean values for clone AG-1162, 
clone AG-1291, week 9 and week 12, Low acetylene reduction 
means were obtained for clone AG-2915, week 3 and week 5. The 
moisture level by week interaction (Table 19) produced high 
mean values for moisture level 1, week 9 and week 12 and low 
mean values for moisture level 3, week 3 and week 5, The 
high values in the clone by moisture level by week interac­
tion (Table 20) were for clone AG-1162, moisture level 1 at 
9 weeks, moisture level 1 at 12 weeks, moisture level 2 at 9 
weeks, moisture level 2 at 12 weeks, and moisture level 3 at 
12 weeks. A low acetylene reduction mean was for moisture 
level 3 at 3 weeks. 
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Table 18. Two—way table for acetylene reduction clone by 
week means (p.g of ethylene/hr) 
Clone 3 6 9 12 
Clone 
means 
AG-6331 28.7 90.3 173.2 117.3 102.4 
AG-1162 64.2 24.3 194.0 1105.9 347.1 
AG-5622 52.5 230.0 112.5 189.6 146.1 
AG-2915 25.0 28.4 158.0 30.5 60.5 
AG-1291 39.0 24.4 931.3 108.8 275.9 
Week means 41.9 79.5 313.8 310.4 
Table 19. Two-way table for acetylene reduction moisture 
level by week means (jj.g of ethylene/hr) 
Moisture 
level 
Week 
12 
Moisture 
level 
means 
1 40.8 73.5 333.3 874.5 330.5 
2 45.7 63.8 200.4 109.7 104.9 
3 40.4 95.9 159.7 39.7 83.9 
Week means 42.3 77.7 231.1 341.3 
Table 20. Three-way table for acetylene reduction clone by moisture level by week means 
(pg of ethylene/hr) 
Moisture level 
Clone 
Week 
12 
Week 
12 
Week 
12 
Clone 
means 
AG-6331 
AG-1162 
AG-5622 
AG-2915 
AG-1291 
Moisture 
level* 
week means 
7.2 13.8 24.2 33.0 14.5 19.0 24.1 27.6 7.2 7.9 15.9 18.0 17.7 
23.3 38.2 48.3 57.9 24.3 38.1 46.8 56.8 13.6 22.0 25.4 30.7 35.4 
12.0 19.2 24.5 34.8 9.9 13.8 16.7 20.1 7.4 15.0 26.2 33.5 19.4 
10.1 18.8 23.4 36.7 10.6 17.5 23.6 31.0 10.1 12.5 16.7 19.0 19.2 
14.6 22.5 30.7 43.4 18.4 21.6 27.2 30.4 10.4 12.9 24.0 30.9 23.9 
13.4 22.5 30.2 41.2 15.5 22.0 27.7 33.2 9.7 14.1 21.6 26.4 
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The Duncan's multiple range tests (Table 21) for weeks 
reveals that mean acetylene reduced at 3 weeks (42.1 (j,g of 
ethylene/hr) was significantly less (P<0.05) than at 6 weeks 
(79.2 (ig of ethylene/hr), 9 weeks (235 (xg of ethylene/hr) 
and 12 weeks (271.7 (j,g of ethylene/hr). Also, mean acetylene 
reduction at 6 weeks was significantly less (P<0.05) than 9 
and 12 weeks. Figure 17 shows the effects that moisture 
levels (1, 2, and 3) had on mean acetylene reduction of 
individual clones. The graph also shows the contributions 
(%) of week means (3, 6, 9, and 12 weeks) to the overall 
acetylene reduction mean. 
Table 21. Duncan's multiple range test for acetylene reduc­
tion across weeks (3, 5, 9, and 12 weeks) of 
moisture stress with P.E.G. 6000 
Week 
Mean acetylene reduction 
(jig of ethylene/hr)^ 
12 271.7 
9 235.0 
6 79.2 
3 42.1 
^Means under the same line are not significantly dif-
f erent at P<0.05. 
Figure 17, Acetylene reduction of 5 clones of Ainus 
glutinosa after 12 weeks of moisture stress 
with P.E.G. 5000 (moisture level 1 = -0.2 
bars, moisture level 2 = -2.2 bars, and moisture 
level 3 = -4.4 bars); tbo contributions (%) of 
individual week means (3, 6, 9, and 12) to the 
overall week mean are also shown 
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D. Correlation Coefficients 
The experimental parameters (net photosynthesis, 
respiration, acetylene reduction, height-growth, root dry 
weight, shoot dry weight, and nodule dry weight) did not 
provide many significant correlations (P<0.05) throughout 
the study (3, 6, 9, and 12 weeks). 
After 3 weeks, none of the variables showed significant 
correlations at P<0.05. At 6 weeks, net photosynthesis 
correlated with respiration provided the only significant 
correlation coefficient (-0.59) at P<0.0001. Height-growth 
correlated with acetylene reduction gave the only signifi­
cant (P<0.01) correlation coefficient (0.50) after 9 weeks 
of moisture stress with P.E.G. 6000. 
After 12 weeks of moisture stress, the variables with 
significant correlation coefficients were; net photosynthe­
sis correlated with height-growth (R = -0.35 at P<0.04), 
respiration correlated with root dry weight (R = 0.38 at 
P<0,02), respiration correlated with shoot dry weight (R = 
0.57 at P<0.0003), respiration correlated with height-growth 
(R = 0.43 at P<O.Ol), root dry weight correlated with shoot 
dry weight (R = 0.56 at P<0.0004), root dry weight corre­
lated with height-growth (R = 0.36 at P<0.03), shoot dry 
weight correlated with nodule dry weight (R = -0.33 at 
P<0,05) and shoot dry weight correlated with height-growth 
(R = 0.76 at P<0.0001). 
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VI. DISCUSSION 
À. Effects of Moisture Stress 
1. Leaf water potentials 
The unexpected pattern of change in leaf water poten­
tials (moisture levels 1, 2 and 3) resulted because of bac­
terial degradation of P.E.G. in the hydroponic solutions. 
The diluted hydroponic solutions caused increases in the 
midday plant leaf water potentials by decreasing the plant 
water deficits. Mok (1979) showed that leaf water potentials 
of soybeans stressed with P.E.G. 20,000 solution to -3.0 bars 
would increase with increasing relative water content. The 
temperatures that leaf water potentials were taken at were 
24°C after 24 hours of P.E.G. stress, 35°C after 1 week of 
P.E.G. stress, 36°C after 2 weeks of P.E.G. stress and 26°C 
after 3 weeks of P.E.G. stress. The fluctuating temperatures 
should have affected the plant water deficits, with high 
temperatures leading to greater water deficits. 
2. Dry weights 
Mean dry weights (root, shoot and nodule) increased with 
increasing moisture levels. There were significant differ­
ences (P<0.05) for mean dry weights of roots and shoots. 
Slatyer (1957) observed that increasing water stress caused 
dry weights to decrease. The dry weights that were signifi­
cantly different (P<0.05) for clones were shoot and nodule 
dry weights. The Polish clone (AG-5622) was the least pro­
ductive (dry weights) for roots, shoots and nodules and the 
Irish clone AG-1152 was the most productive. The clonal 
material from Russia(AG-2915) and Switzerland (AG-5331) 
had similar dry weights (for roots, shoots and nodules). 
The dry weights did not follow an elevational trend. The 
most productive clones for dry weights (AG-1162 and AG-1291), 
came from elevations of 51 and 30 meters, respectively. The 
least productive clones (AG-2915, AG-5331 and AG-5622), came 
from elevations of 20, 455, and 220 meters, respectively. 
3. Height-growth 
Height-growth increased (significantly at P<0.05) from 
0 to 3, 3 to 6, 5 to 9, and 9 to 12 weeks. The mean incre­
ment for 0 to 3, 3 to 5, 5 to 9, and 9 to 12 weeks were 5.2, 
5.0, 7.8, and 7.1 cm, respectively. During the early periods, 
there was a lag phase followed by nearly linear growth during 
the last two periods. 
Height-growth appeared to increase with increasing 
moisture level. However, the differences were not signifi­
cant (P<0.05). Smith and Gatherum (1974) observed that 
height-growth of aspen-poplar hybrids increased with in­
creasing water potentials. However, from -0.33 bars to 
near water saturation vegetative growth decreased. 
Clonal material from Ireland (AG-1152 and AG-1291) had 
the most height-growth. Clone AG-1152 had significantly 
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(P<0.05) more height-growth than all other clones. Plant 
material from the USSR (AG-2915), Poland (AG-5522) and 
Switzerland (AG-6331) had nearly the same height-growth 
rates. Plant height-growth rates followed the same eleva-
tional pattern as dry weights with the clones from 51 and 30 
meters being more productive than clones from 20, 455 and 
220 meters. Also, the elevational trend suggests that 
bigger plants produced more root and nodule dry weight. 
At Iowa State University and at Rhinelander, Wisconsin, 
field trials with 48 seed sources of Alnus qlutinosa seedlings 
were started in 1979 (Dr. R, B. Hall, Department of Forestry, 
Iowa State University, unpublished findings). Included in 
the trials are two seed sources from Ireland (AG-1180 and 
AG-1271) with similar geographic origins as the selected 
Irish clones (AG-1162 and AG-1291). The selected material 
from Russia (AG-2915), Poland (AG-5622) and Switzerland 
(AG-6331) were included in the field studies. The rankings 
for height-growth at Iowa State University were the follow­
ing: AG-1180 (from Ireland) was ranked 12th, AG-6331 (from 
Switzerland) was ranked 17th, AG-1271 (from Ireland) was 
ranked 24th, AG-5622 (from Poland) was ranked 27th and AG-
2915 (from Russia) was ranked 40th. The rankings for 2 
years of height-growth at Rhinelander, Wisconsin were as 
follows: AG-1271 (from Ireland) was ranked 13th, AG-5622 
(from Poland) was ranked l8th, AG-1180 (from Ireland) was 
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ranked 20th, AG-6331 (from Switzerland) was ranked 30th and 
AG-2915 (from Russia) was ranked 33rd. 
These early results (2 years) from the field studies 
reflect nearly the same pattern as this moisture stress 
study utilizing P.E.G. 6000 as the osmoticant. Genetic 
material from Ireland (AG-1152, AG-1291, AG-llSO and AG-1271) 
show an early tendency for very rapid height-growth, while 
genetic material from northeast Russia (AG-2915) show an 
early tendency for slow height-growth. However, the field 
studies at Iowa State University implicated AG-5331 as a 
rapid height-growth producer, and field trials at Rhinelander, 
Wisconsin implicated AG-5622 as a rapid height-growth pro­
ducer, while the moisture stress study (with P.E.G. 5000) 
showed that AG-5522 and AG-5331 were slow height-growth 
producers. The height-growth rates of clones AG-5622 and 
AG-5331 might have been reduced because of the moisture stress 
conditions with P.E.G. 5000. Also, the height-growth rates 
of clones AG-1152, AG-1291, and AG-2915 should have been 
reduced by the moisture stress conditions. Nevertheless, 
some clones might be more tolerant of moisture stress with 
P.E.G. 5000 than other clones. 
4. Net photosynthesis 
Net photosynthesis (mg CO^/dm^br) throughout the study 
remained similar for the 3-, 5-, 9-, and 12-week samples. 
The photosynthesis mean values ranged from 3.3 mg C02/dm^hr 
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2 (at 5 weeks) to 5.1 mg C02/dm hr (at 12 weeks). Dawson et 
al. (1977) found mean net photosynthesis values for alder 
2 plants (3 months old) to range from 4.2 mg CO^/dm hr to 
2 9.5 mg CO^/dm hr. 
Photosynthesis rate did not show any differences due to 
moisture level. Smith and Gatherum (1974) looked at photo­
synthesis and moisture relations of aspen-poplar hybrids. 
They found that net photosynthesis, dry weight and height-
growth increased with increasing moisture levels (from -15 
bars to -0.33 bars). Using P.E.G. 6000 as the osmoticant 
did not allow the very low water potentials. In pretests 
it was found that many alder plants could not survive for 
longer than one week in solutions of P.E.G. 5000 at -5 bars. 
At concentrations below -9 bars, all plants die. Mok (1979) 
showed that the upper limit of P.E.G. 20,000 stress (using 
dialysis bags) for soybeans was -5 bars. The P.E.G. 5000 
may have caused severe cellular damage, resulting in plas-
molysis, or it may have caused stomatal closure (at con­
centrations of -5 bars and lower). 
Significant differences (P<0.05) for photosynthesis 
were found for clones. Clone AG-2915 (from USSR) and clone 
AG-5331 (from Switzerland) had significantly higher photo-
synthetic rates than all other material. Clones AG-1152 
(from Ireland), AG-5622 (from Poland) and AG-1291 (from 
Ireland) all had about the same low photosynthetic rates. 
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Clones AG-2915 and AG-6331 had the highest net photosynthe­
sis rates and came from elevations of 20 and 455 meters, re­
spectively. Clones AG-1162, AG-5622 and AG-1291 had low net 
photosynthesis rates and came from elevations of 51, 220 and 
30 meters, respectively. There were no organized elevation-
al patterns. However, the pattern was very different from 
the pattern for dry weights and height-growth, suggesting 
that plant size (AG-2915 and AG-6331 with slow growth rates) 
did not determine photosynthesis rates, or that self-shading 
was a factor during photosynthesis measurement of large 
plants. Since the light source came from above (consisting 
of a central 450 watt mercury vapor lamp surrounded by four 
500 watt incandescent floodlamps) and the chamber diameter 
was 6 inches outside diameter (designed to fit onto the 
6-inch diameter pots), the restricted area could have allowed 
small amounts of self-shading of large plants. However, the 
growth of clones AG-1152 and AG-1291 was much more than the 
6-week pretests suggested, thereby leading to the building 
of a larger photosynthesis chamber to accommodate the large 
plants (at 9 and 12 weeks). Thus, if self-shading was a 
problem, it was at a very low level. 
5. Respiration 
Respiration rates showed significant differences for 
weeks of moisture stress. At 6 weeks, the plants respired 
at a significantly higher rate than at 3, 9 and 12 weeks. 
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The respiration rates at 3, 9 and 12 weeks were nearly the 
same. The high respiration rates at 5 weeks could have re­
sulted because of severe stress conditions. At 5 weeks, 
when photosynthesis and respiration measurements were being 
taken, it was noticed that the stressed plants began wilting 
15 to 20 minutes (approximate time for respiration measure­
ments) after removal from the aeration conditions. The 
wilted conditions were completely removed after supplying air 
to the root system. Thus, at 9 and 12 weeks, supplemental 
air was supplied to the root system when measuring photosyn­
thesis and respiration. During measurements of photosyn­
thesis and respiration at 3 and 5 weeks, the plants were not 
aerated. 
Brix (1961) found respiration rates in loblolly pine to 
begin to decline at 8 atmospheres, followed by an increase 
(in respiration rate) beginning at 16 atmospheres and another 
decline beginning at 32 atmospheres. Schultz and Gatherum 
(1971) showed that respiration for Scotch pine increases with 
increasing soil moisture. In this study, respiration did not 
increase with increasing moisture level. The highest respira­
tion rate was for moisture level 1 (the control). Moisture 
level 2 plants (-2.2 bars) had lower respiration rates than 
plants in moisture level 1 (-0.2 bars) and moisture level 3 
(-4.4 bars). The high'respiration rates in moisture levels 
1 and 3 might have resulted from the severe desiccation of 
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the leaves (simulation of aging phenomenon). Winzeler 
et al. (1976) showed that respiration in barley plants is 
high in young plants, but declines as the plant ages and 
again increases with age. 
Respiration rates for clones were nearly the same (no 
significant differences). Thus, there were no elevational 
differences. 
6. Acetylene reduction 
Reliable measurements of acetylene reduction (for 3, 6, 
9, and 12 weeks) were difficult to obtain, because of decline 
in sensitivity for detection of acetylene and ethylene (with 
a Varian gas chromatograph). The gradual decline in sensi­
tivity began approximately 3 hours after the injections were 
started and from 8 to 12 hours (last four hours of injections) 
nearly all sensitivity was lost. The gas chromatograph 
probably declined in sensitivity for acetylene and ethylene, 
because of small amounts of P.E.G. 6000 solution and/or 
nutrient solution in the syringes, thus causing the column 
to become less sensitive for acetylene and ethylene detec­
tion. Also, the column could have been damaged by overheat­
ing. Therefore, acetylene reduction results were from only 
a few plants. 
Acetylene reduction (mg of ethylene/hr) showed a gradual 
increase from 3 to 12 weeks. Acetylene reduction was low for 
the first 5 weeks, but increased sharply for the second 6 
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weeks (significant differences at P<0.05) for 3, 6, 9 and 12 
weeks). The increases in acetylene reduction (throughout 
the experiment) were due in part to increases (although 
small) in photosynthesis, increases in number of nodules 
and increases in nodule size. Bond and Mackintosh (1975a) 
suggested that nitrogen fixation rates increase with in­
creasing carbohydrates and temperature (to 36°C). Lawrie 
and Wheeler (1973) have shown that most nitrogen fixation 
occurs in larger more densely packed nodules. The stressed 
plants and control plants were noted to have few large 
nodules and many small nodules. 
The study also showed that acetylene reduction in­
creased with increasing moisture levels. This increase 
should have been due to the increased photosynthates and 
the increased water availability. Sprent's work (1972a) 
revealed that maximum nitrogen fixation (of soybean nodules) 
occurs at moisture levels near field capacity. She also 
noted that outer nodule cells were more affected by moisture 
stress than inner nodule cells. 
Acetylene reduction results did not suggest any eleva-
tional differences, because there were no differences between 
clones. 
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VII. CONCLUSIONS 
The results indicate that clone AG-1162 (from Ireland) 
and clone AG-1291 (from Ireland) had desirable characteris­
tics for use as a tree crop. The results characterize these 
clones as having very rapid growth rates with the ability to 
produce more dry weight in both roots and shoots. Also, 
nodule dry weights were high for the two clones. Acetylene 
reduction results suggest that clone AG-1162 also was a very 
efficient nitrogen fixer (better than all other clones). 
Neither clone had high rates of net photosynthesis. Respira­
tion rates were low for both clones. Thus, the two clones 
(AG-1162 and AG-1291) had characteristics during early growth 
that suggest further study on commercial timber crop 
capabilities. 
Clonal material from USSR (AG-2915), Switzerland (AG-
5331) and Poland (AG-5622) should be investigated further 
for nurse crop capabilities. The data in this study show 
that the three clones have the nurse crop characteristic of 
slow height-growth. However, acetylene reduction was low 
for these clones. Photosynthesis and respiration were medium 
to high for the clones. Also, dry weight values were low. 
The ideal situation would be to have a slow-growing clone 
that is also a superior nitrogen fixer. Nitrogen fixation 
(acetylene reduction) samples, for this study, were collected 
at night (under weak fluorescent lights providing approxi­
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mately 20 microeinsteins of PAR). Daytime measurements 
should be made in the future to find maximum nitrogen fixa­
tion rates. 
Other screening studies for nurse and tree crop candi­
dates would be needed to see how well the clones perform 
when there is competition for nutrients, light and water. 
Such a study has begun at Iowa State University and Rhine-
lander, Wisconsin, utilizing seedlings from 48 different 
geographic origins (Dr. R. B. Hall, Department of Forestry, 
Iowa State University, unpublished findings). However, 
growth rates should be monitored over a longer time period 
than two years. 
Nitrogen fixation, photosynthesis and respiration should 
be studied over longer periods of time, on plants grown in 
solid media and under competitive conditions to see if the 
early results from this hydroponics study are maintained. If 
the early results are maintained in long-term and/or competi­
tive studies, then plant selections can be made at very early 
ages. 
If moisture stress is considered, I would not recommend 
P.E.G. as the osmoticant because of its very high price and 
the excessive mortality it causes at moisture stress lower 
than -6 bars. A solid medium utilizing the dry-down method 
might be an alternative approach to stressing Alnus plants. 
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However, hydroponic systems tend to facilitate ease in per­
forming acetylene reduction by having root systems more 
accessible for study than solid media. 
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X. APPENDIX 
A. Data for Effects of Moisture Stress (with P.E.G. 6000) 
on Photosynthesis, Respiration, Acetylene Reduction 
and Height-Growth 
1. Three weeks of moisture stress: 
Net 
photo­ Respira­ Acetylene 
synthesis tion reduction Height 
Moisture (mg CO2/ (mg CO2/ ((ig of growth 
Clone level Rep dm -hr) dm^-hr) ethylene/hr) (cm) 
AG-6331 1 1 6.9 -2.2 1 5.9 
2 1 4.8 - 2 . 6  58.1 13.4 
3 1 1.3 -1.3 15.7 11.5 
AG-1162 1 1 4.2 -2.3 93.1 21.7 
2 1 1.6 -2.3 18.7 
3 1 3.4 -1.3 81.6 14.3 
AG-5622 1 1 2.4 -0.9 11.5 
2 1 3.1 -1.4 9.8 
3 1 6.7 -2.6 3.6 
AG-2915 1 1 7.7 -1.9 6.6 9.6 
2 1 4.0 -1.1 13.2 10.7 
3 1 3.6 -1.4 , 4.4 
AG-1291 1 1 5.2 -1.1 . 16.3 
2 1 4.7 -1.0 10.0 21.4 
3 1 3.2 -1.2 76.9 8.7 
AG-6331 1 2 6.8 -1.6 3.0 
2 2 5.4 -2.3 20.5 
3 2 1.9 -1.4 3.6 
AG-1162 1 2 4.1 -1.7 25. 8 29.7 
2 2 3.7 -1.5 93.9 24.3 
3 2 4.5 -2.0 . , 9.6 
AG-5622 1 2 2.9 -1.9 10.8 
2 2 1.3 -0.7 10.6 
3 2 2.4 -2.4 37.8 15.0 
AG-2915 1 2 6.7 -1.1 13.4 15.4 
2 2 • 
3 2 4.1 -9.6 21.2 14.1 
AG-1291 1 2 3.3 -1.1 12.0 
2 2 2.1 -1.0 19.8 
3 2 3.0 -1.1 10.9 
Missing data. 
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Net 
photo- Respira- Acetylene 
synthesis tion reduction Height 
Moisture (mg CO2/ (mg CO2/ (|u,g of growth 
Clone level Rep dmr-hr) dmi -hr) ethylene/hr) (cm) 
AG-6331 1 3 9.6 -1.5 12.3 14.2 
2 3 7.0 -7.4 9.6 
3 3 7.6 -1.5 6.6 
AG-1162 1 3 5.4 -1.9 77.7 18.6 
2 3 7.0 -1.8 13.1 30.0 
3 3 0 , 17.0 
AG-5622 1 3 4.2 -1.2 67.3 13.7 
2 3 2.3 -1.9 9.3 
3 3 . . « 3.5 
AG-2915 1 3 4.3 -2.4 5.2 
2 3 6.1 -1.5 85.9 10.5 
3 3 8.8 -1.4 9.5 11.7 
AG-1291 1 3 5.1 -1.3 30.0 15.6 
2 3 6.7 -1.6 . 14.0 
3 3 2.3 -1.1 
• 
11.7 
2. Six weeks of moisture stress; 
AG-6331 1 1 1.4 -3.9 7.9 
2 1 2.1 -1.6 128.1 18.0 
3 1 2.4 -2.5 2.5 12.5 
AG-1162 1 1 2.6 -9.8 30.9 
2 1 . . 
3 1 3.0 -5.6 33.0 
AG-5622 1 1 0.6 -2.2 18.0 
2 1 . . 12.8 
3 1 2.4 -5.0 31.6 7.4 
AG-2915 1 1 12.6 -37.9 20.6 25.0 
2 1 , . 12 .4 
3 1 . . 6.5 
AG-1291 1 1 1.8 -1.6 20.0 
2 1 2.2 • -3.0 25.8 
3 1 3.7 -4.0 24.4 13.8 
AG-6331 1 2 2.9 -5.2 3.2 10.7 
2 2 2.5 -4.1 91.8 28.0 
3 2 . , 4.4 
AG-1162 1 2 5.6 -5.2 50.5 
2 2 2.5 -5.0 25^4 36.9 
3 2 . . 11.1 
AG-5622 1 2 2.9 -2.5 14.0 
2 2 5.1 -2.5 14.0 
3 2 3.5 -1.6 428.5 26.5 
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Net 
photo- Respira- Acetylene 
synthesis tion reduction Height 
Moisture (mg CO^/ (mg2C02/ (p,g of growth 
Clone level Rep dmr-hr) dm -hr) ethylene/hr) (cm) 
AG-2915 1 2 4.0 -7.6 4.7 23.3 
2 2 , . , 
3 2 3.9 -6.3 SSUO 15.4 
AG-1291 1 2 1.1 -1. 8 16.5 
2 2 . . , 
3 2 . . 12.4 
AG-5331 1 3 6.7 -2.1 265.4 22.8 
2 3 . . 50.6 11.0 
3 3 . . 6.8 
AG-1162 1 3 1.1 —6. 8 33.3 
2 3 4.6 -1.5 23.2 39.3 
3 3 , . . 
AG-5622 1 3 1.7 -6.8 25.6 
2 3 2.3 -3.1 14.7 
3 3 . , 11.0 
AG-2915 1 3 3.8 -1.9 8.1 
2 3 5.9 -2.3 22.7 
3 3 1.1 -5.3 49.4 15.5 
AG-1291 1 3 3.6 -4.6 31.1 
2 3 1.7 -2.6 17.4 
3 3 
• • 
12.4 
3. Nine weeks of moisture stress; 
AG-6331 1 1 2.9 -2.6 9.7 
2 1 2.5 -4.2 195.8 22.7 
3 1 6.3 -3.1 78.7 15.9 
AG-1162 1 1 8.8 -1.2 39.6 40.4 
2 1 . . . . 
3 1 1.4 -0.4 . 38.8 
AG-5622 1 1 5.4 -0.1 50.9 23.2 
2 1 6.3 -0.2 34.5 15.0 
3 1 9.5 -0.5 155.6 13.2 
AG-2915 1 1 9.6 -1.4 468.4 31.5 
2 1 7.5 -3.1 49.1 15.2 
3 1 6.4 -2.2 169.8 12.5 
AG-1291 1 1 1.4 -1.4 . 21.8 
2 1 6.4 -0.5 215.1 35.9 
3 1 7.6 -0.8 357.6 24.0 
AG-6331 1 2 9.6 -1.0 , 23.3 
2 2 1.7 -2.2 306.5 35.7 
3 2 , , , 
108 
Net 
photo- Respira- Acetylene 
synthesis tion reduction Height 
Moisture (mg CO2/ (mg CO2/ (p,g of growth 
Clone level Rep dmr-hr) dm^-hr) ethylene/hr) (cm) 
AG-1152 1 2 4.4 -0.7 336.4 61.4 
2 2 3.7 -0.8 161.2 47.5 
3 2 8.3 -2.9 38.2 12.1 
AG-5622 1 2 4.1 -2.2 12.3 17.8 
2 2 4.6 -2.6 88.1 18.2 
3 2 3.0 -2.6 399.2 39.3 
AG-2915 1 2 9.2 -0.9 34.4 30.0 
2 2 . . . . 
3 2 3.0 -3.6 15.5 18.2 
AG-1291 1 2 3.2 -0.6 . 19.2 
2 2 . . . . 
3 2 . . . . 
AG-5331 1 3 7.7 -1.1 . 39.7 
2 3 5.4 -3.0 111. 8 14.0 
3 3 . . . . 
AG-1162 1 3 3.4 -0.8 11.3 43.2 
2 3 1.4 -2.6 577.3 46.2 
3 3 . . . . 
AG-5622 1 3 2.3 -2.8 139.4 32.5 
2 3 4.2 -0.8 20.1 17.0 
3 3 . . . 
AG-2915 1 3 2.9 -1.5 19.6 8.7 
2 3 4.9 -0.7 444.7 32.0 
3 3 1.7 -5.0 62.9 19.3 
AG-1291 1 3 6.3 -1.7 2221.1 51.1 
2 3 0.9 —0.6 . 18.5 
3 3 
• • • • 
4. Twelve weeks of moisture stress i :  
AG-6331 1 1 4.1 -1.8 10.9 
2 1 4.8 -1.4 1 8 6 . 6  25.7 
3 1 5.3 -2.7 63.6 18.0 
AG-1162 1 1 5.7 -0.9 « 49.4 
2 1 . . . . 
3 1 2.9 -1.1 69.5 47.4 
AG-5622 1 1 5.9 -0.8 . 26.2 
2 1 5.7 -0.8 . 16.0 
3 1 7.5 -1.2 6.9 19.4 
AG-2915 1 1 5.9 -0.8 . 45.0 
2 1 7.0 -2.0 . 18.0 
3 1 6.4 -0.5 45.6 17.0 
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Net 
Clone 
Moisture 
level Rep 
photo­
synthesis 
(mg CO2/ 
dm/-hr) 
Respira­
tion 
(mg C02/ 
dm^-hr) 
Acetylene 
reduction 
(tig of 
ethylene/hr) 
Heigh' 
growtl 
(cm) 
AG-1291 1 1 1.9 -4.3 24.2 
2 1 5.0 -0.5 42.2 
3 1 6.2 -0.5 30.9 
AG-6331 1 2 8.0 -1.0 34.0 
2 2 2.6 -0.5 84 [7 40.0 
3 2 
AG-1152 1 2 4.4 -0.5 67.9 
2 2 3.6 -1.0 55.9 
3 2 7.2 -3.5 14.1 
AG-5622 1 • 2 4.5 -2.2 25.3 
2 2 7.5 -2.1 23.9 
3 2 2.8 -1.8 47.7 
AG-2915 1 2 7.1 -0.6 54.8 
2 2 • . • 
3 2 3.0 -4.0 13.0 18.0 
AG-1291 1 2 4.6 -1.4 
2 2 . . • 
3 2 , . • 
AG-6331 1 3 4.2 -1.0 54.0 
2 3 7.2 -3.1 134.4 17.1 
3 3 , . 
AG-1162 1 3 2.3 -0. 8 2142.3 56.3 
2 3 3.2 -0.6 57. 8 
3 3 . . « 
AG-5622 1 3 3.0 -0.6 372.3 53.0 
2 3 5.3 -2.5 20.4 
3 3 , . • 
AG-2915 1 3 5.1 -1.1 10.3 
2 3 6.1 -1.1 32.9 44.0 
3 3 5.7 -2.4 21.3 
AG-1291 1 3 5.5 -3.4 10818 62.7 
2 3 4.8 -2.5 18.7 
3 3 , , 
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B. Data for Effects of Moisture Stress (with P.E.G. 6000) on 
Root Dry Weight, Shoot Dry Weight and Nodule Dry Weight 
Moisture Dry weight (grams) 
Clone level Rep Root Shoot Nodule 
AG-6331 1 1 1.1 0.6 0.13 
2 1 0.9 1.4 0.26 
3 1 0.7 0.2 0.15 
AG-1162 1 1 1.8 14.5 0.63 
2 1 1 , 
3 1 1.4 8.4 0.57 
AG-5622 1 1 1.1 2.1 0.10 
2 1 1.0 0.7 0.08 
3 1 0.6 1.8 0.26 
AG-2915 1 1 2.8 14.8 0.64 
2 1 0.8 0.2 0.07 
3 1 0.7 1.9 0.22 
AG-1291 1 1 1.8 0.8 0.03 
2 1 1.6 6.3 0.63 
3 1 1.6 5.0 0.33 
AG-6331 1 2 1.0 7.5 0.13 
2 2 1.1 4.0 0.32 
3 2 . . 
AG-1162 1 2 3.4 21.8 0.82 
2 2 2.2 14.9 0.83 
3 2 0.7 0.5 0.06 
AG-5622 1 2 0.9 1.6 0.13 
2 2 1.2 2.2 0.09 
3 2 3.1 7.9 0.41 
AG-2915 1 2 2.0 11.5 0.47 
2 2 . . . 
3 2 0.2 0.2 0.11 
AG-1291 1 2 . . . 
2 2 . . . 
3 2 . . . 
AG-6331 1 3 4.3 19.6 1.06 
2 3 0.6 0.6 0.22 
3 3 , a . 
AG-1162 1 3 3.3 20.4 0.96 
2 3 1.4 10.4 0.59 
3 3 , . . 
AG-5622 1 3 2.5 10.7 0.64 
2 3 0.5 0.7 0.11 
3 3 , , . 
M^issing data. 
Ill 
Clone 
Moisture 
level Rep 
Dry weight (grams) 
Root Shoot Nodule 
AG-2915 1 3 1.7 0.1 0.11 
2 3 2.4 8.7 0.34 
3 3 1.0 0.5 0.19 
AG-1291 1 3 4.8 14.5 0.79 
2 3 0.1 0.09 0.16 
3 3 , 
C. Leaf Areas for Net Photosynthesis and 
Respiration Determination 
2 Leaf area (dm ) 
Moisture At 3 At 5 At 9 At 12 
Clone level Rep weeks weeks weeks weeks 
AG-6331 1 1 0.68 1.19 1.28 1.37 
2 1 1.49 1.91 2.15 2.58 
3 1 3.27 0.69 0.68 0.92 
AG-1162 1 1 2.06 4.24 6.35 10.60 
2 1 2.49 .1 
3 1 3.29 4.57 4.54 6.28 
AG-5522 1 1 1.80 1.97 2.31 2.61 
2 1 2.24 1.46 1.39 1.52 
3 1 0.39 0.88 1.27 2.27 
AG-2915 1 1 1.53 4.44 7.79 11.31 
2 1 1.43 0.24 0.53 1.02 
3 1 1.97 0.61 1.65 3.28 
AG-1291 1 1 2.95 3.03 2.22 1.36 
2 1 4.07 2.63 3.67 6.66 
3 1 2.41 2.02 2.51 4.87 
AG-6331 1 2 0.67 1.68 3.84 8.34 
2 2 3.01 4.20 4.06 5.34 
3 2 1.17 0.05 
AG-1162 1 2 3.58 7.98 12.54 18.92 
- 2 2 2.68 4.68 6.42 12.13 
3 2 1.67 0.16 0.37 0.68 
M^issing data. 
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2 Leaf area (dm ) 
Moisture At 3 At 5 At 9 At 12 
Clone level Rep weeks weeks weeks weeks 
AG-5622 1 2 1.57 1.41 1.85 2.78 
2 2 1.67 0.61 1.49 2.33 
3 2 2.11 3.56 4.61 8.39 
AG-2915 1 2 1.46 3.96 4.05 11.81 
2 2 0.018 • 
3 2 0.52 0.36 0.75 0.45 
AG-1291 1 2 2.43 2.23 1.72 1.46 
2 2 3.82 • a 
3 2 2.66 0.14 
AG-6331 1 3 4.99 7.67 10. 88 19.78 
2 3 0.41 0.22 0.72 1.20 
3 3 1.82 . 
AG-1162 1 3 3.22 6.98 10.87 18.26 
2 3 4.72 8.61 5.82 7.97 
3 3 2.30 « » 
AG-5622 1 3 1.49 2.81 5.84 12.17 
2 3 1.62 1.12 1.34 1.32 
3 3 0.54 . , . 
AG-2915 1 3 2.16 2.19 1.94 2.06 
2 3 2.25 3.99 6.43 11.05 
3 3 2.50 0.77 1.49 1.79 
AG-1291 1 3 3.33 3.96 6.63 12.22 
2 3 0.87 1.09 1.00 0.37 
3 3 2.94 0.03 
